Disruption of Putrescine Biosynthesis in Shewanella oneidensis Enhances Biofilm Cohesiveness and Performance in Cr(VI) Immobilization

I
n most natural, engineered, and medical settings, bacterial cells often attach onto surfaces or interfaces and develop into sessile communities known as biofilms (1) . In biofilms, cells are embedded in a self-produced matrix composed of extracellular polymeric substances (EPS), including proteins, polysaccharides, lipids, and extracellular DNA. Extensive studies have demonstrated a wide range of advantages of the presence of an EPS matrix for the biofilm mode of life (2, 3) . For example, compared to their planktonic counterparts, biofilms have been reported to be more tolerant to harsh physicochemical conditions as generated by various toxic contaminants or biocides (1, 4) . Because of these advantages, biofilms have been increasingly applied to the efficient removal of toxic contaminants from industrial wastewater (5) (6) (7) (8) .
Solid substrata, typically suspended plastic pieces or fixed synthetic mesh, have been added to wastewater treatment bioreactors to provide attachment surfaces for biofilms to enhance contaminant removal (9) . However, controlling biofilm-based bioprocesses is very challenging because of the intrinsic heterogeneous and dynamic properties of biofilms (10, 11) . Previous studies have shown that either unfavorable environmental conditions (e.g., exposure to toxic contaminants) or variations in nutrient supply (e.g., dissolved O 2 availability) could cause cell dispersal from biofilms (12) (13) (14) (15) , resulting in a decrease in the performance of the biofilm-based bioprocesses. To improve biofilm performance, modification of physicochemical properties of substratum surfaces has been applied to enhance biofilm attachment so that the adhesion of biofilms onto substrata becomes stronger, potentially preventing biofilms from being stripped away (16) . However, the ability of cells and EPS to stick together in biofilms, i.e., biofilm cohesiveness, could not be improved by enhancing surface attachment through surface modification.
Shewanella oneidensis is a metal-reducing bacterium capable of respiring on metal ions, metal oxides, and solid electrodes (17, 18) . Biofilms of S. oneidensis play an important role in many environmental and biotechnological processes, including removing toxic metal contaminants, such as uranium and chromium, from the aqueous phase by transforming them into less soluble species (17, (19) (20) (21) . Previous studies have suggested that exposure to toxic contaminants, e.g., chromate, could cause dispersal of S. oneidensis biofilms (14) . We hypothesize that, through enhancing biofilm cohesiveness, biofilm dispersal triggered by toxic chemicals could be alleviated and biofilm performance could be improved. Here, we used S. oneidensis as a model organism and dichromate as a model contaminant to test this hypothesis.
The specific objectives of this study were to (i) generate an S. oneidensis mutant strain capable of forming highly cohesive biofilms and (ii) evaluate the performance of the cohesive biofilms in Cr(VI) immobilization. Through screening of a random transposon mutagenesis library, we obtained one hyperadherent strain with enhanced biofilm formation capability under both static and hydrodynamic conditions. This mutant showed an enhanced biofilm cohesiveness and performance as indicated by a high viscosity, a low dispersal rate upon exposure to Cr(VI), and an improved Cr(VI) immobilization. Inverse PCR showed the disruption of a putrescine biosynthesis gene, speF, in this mutant, which was confirmed by chemical and genetic complementation experiments.
We further elucidated a potential role of putrescine in mediating biofilm matrix disassembly in S. oneidensis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Stock cultures of S. oneidensis MR-1 (wild type [WT] ) and mutants were maintained in lysogeny broth (LB) medium with 20% glycerol at Ϫ80°C. Unless otherwise stated, cultures were grown aerobically at 30°C in LB medium or modified M1 defined minimal medium (MM1) (22) . The MM1 consisted of 30.00 mM HEPES, 7.50 mM NaOH, 28.04 mM NH 4 Cl, 1.34 mM KCl, 4.35 mM NaH 2 PO 4 , and 0.68 mM CaCl 2 supplemented with trace amounts of minerals, vitamins, and amino acids (pH ϳ7.0) (23, 24) . For bacterial growth in MM1, 20 mM sodium lactate was used as an electron donor and the sole carbon source.
Transposon mutagenesis and mutant selection. Transposon mutagenesis of S. oneidensis MR-1 was carried out through filter mating with Escherichia coli harboring TnM using the helper strain RK600 according to previously described protocols (25) (26) (27) . LB medium was used for bacterial growth, and when necessary, the medium was supplemented with 25 g/ml of kanamycin, 15 g/ml of tetracycline, 10 g/ml of gentamicin, and/or 6 g/ml of chloramphenicol. To select mutants with enhanced biofilm formation capability, 2 l of overnight (ϳ16-h) culture of each mutant generated in transposon mutagenesis was dropped onto MM1 agar (1.5% agar in MM1 medium with 20 mM lactate) containing 50 g/ml Congo red and incubated at 30°C.
Zeta potential measurement and hydrophobicity assay. The bacterial cell surface charge was assessed by measuring its electrokinetic potential (zeta potential), which characterizes the electrical double-layer potential on the cell surface. For zeta potential measurement, cells from overnight (ϳ16-h) aerobic cultures of S. oneidensis in MM1 were harvested by centrifugation (6,000 ϫ g, 10 min) and washed three times with 0.9% NaCl. Cells were then resuspended in 10 ml of 0.9% NaCl (pH 7.0) to an optical density at 600 nm (OD 600 ) of ϳ0.50, and zeta potential was measured using the Malvern Zetasizer Nano Z dedicated zeta potential analyzer (Nano ZS; Malvern Instruments, Worcestershire, United Kingdom). For the hydrophobicity assay, cells from overnight cultures in MM1 were harvested, washed three times, and resuspended in 2 ml of 0.9% NaCl. Then, 0.4 ml of hexadecane was added to each cell suspension, and the mixtures were vortexed for 15 min followed by standing for 15 min at room temperature for phase separation. Hydrophobicity was calculated as the percentage of cells transferring from aqueous phase to n-hexadecane phase, i.e., (1 Ϫ A/A 0 ) ϫ 100%, where A 0 and A are OD 600 s of the aqueous phase before and after mixing with hexadecane. Zeta potential measurement and the hydrophobicity assay were carried out using two independent cultures for each strain with at least three replicates for each culture.
Biofilm formation assay. The static biofilm formation assay was based on a 96-well plate method described elsewhere with slight modifications (28) . One microliter of overnight LB cultures (OD 600 of ϳ1.0) was mixed with 100 l of MM1 medium in each well of a 96-well Nunc polystyrene plate (Thermo Scientific) followed by incubation at 30°C. After a 24-h or 48-h incubation, planktonic cells were removed and the surface-associated cells were washed with 0.9% NaCl 10 times. One hundred microliters of a 1% aqueous solution of crystal violet (CV) was added into each well. After removal of excess CV from each well, the plate was air dried at room temperature, followed by the addition of 100 l of 96% ethanol. The amount of biofilm biomass in each well was indicated by OD 590 . At least 12 replicates were used to evaluate the biofilm formation capability of each strain.
Flow cell biofilms. Biofilm formation under hydrodynamic conditions was evaluated using multichannel flow cells (BioCentrum-DTU, Denmark). The dimensions and assembly of the flow cell systems were described elsewhere (29) . Each channel of the flow cells was inoculated using 0.4 ml diluted overnight cultures in MM1 medium (OD 600 of ϳ0.15). After inoculation, medium flow was stopped for initial attachment (ϳ2 h) onto the glass slide used in the flow cells. Then, air-saturated MM1 medium was continuously supplied with a flow rate of 5.4 ml/h for biofilm growth in each channel. Biofilms grown in the flow cell systems were stained using Syto 9 and propidium iodide (PI) (Invitrogen, Singapore) and imaged using confocal laser scanning microscopy (CLSM) (Carl Zeiss Microscopy LSM 780). The CLSM images were analyzed using IMARIS software (version 7.6.4; Bitplane, Zurich, Switzerland).
Biofilm viscosity. The viscosity of biofilm samples was measured using a Physica MCR 301 rheometer (Anton Paar). Biofilms of WT and CP2-1-S1 were prepared by dropping 100 l of overnight cultures (OD 600 , ϳ1.5) onto 0.45-m filter membranes (diameter, 87 mm; Schleicher & Schuell, Dassel, Germany), placing them on MM1 agar, and incubating them at 30°C for 24 h. The membranes with biofilms were then transferred to the rheometer, and the viscosity of each biofilm was determined as previously described (30, 31) .
Biofilms in submerged biofilm reactors. Milliliter-scale submerged biofilm reactors were set up using 3-ml syringes (Luer-Lok tip, latex free; BD) packed with glass beads (diameter, 2.0 mm) (solid-glass beads; Sigma-Aldrich) for biofilms to attach and grow (see Fig. S1 in the supplemental material). Total surface area for biofilm growth in each reactor was estimated as 5,740 mm 2 . Each reactor was inoculated using diluted overnight cultures in MM1 medium (OD 600 of ϳ0.15) followed by a 2-h stop-flow to allow cells to attach onto the glass beads. MM1 medium was then continuously supplied with a flow rate of 2.45 ml/h for biofilm growth. After 120 h, biofilms formed on the glass beads in the biofilm reactors were evaluated. A portion of the glass beads with biofilms was transferred from the reactors to one well of a 96-well plate and stained with Live/Dead stains (Invitrogen) followed by obtaining CLSM images of the biofilms on the beads. To quantify the amount of biofilms in the reactors, a portion of the glass beads was mixed with 0.2 M NaOH and heated at 96°C for 20 min with intermittent vortexing. After cooling to room temperature, protein concentration was determined using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific). The amount of biofilms in each reactor was expressed as the amount of proteins per mm 2 surface area. Cr(VI) immobilization in submerged biofilm reactors. Biofilms were allowed to grow for 120 h in the submerged biofilm reactors before 100 M potassium dichromate (K 2 Cr 2 O 7 ), i.e., 200 M Cr(VI), was introduced into the growth medium. Effluent samples at the outlet of each reactor were taken periodically to determine cell detachment rate and the amount of Cr(VI) immobilized by the biofilms. Cell detachment rate was quantified using a drop-plate method (32) . Briefly, 250 l of sample was loaded into the first well of each row in a 96-well plate, and 10-fold serial dilutions were made. Then, 6 replicates of 10 l from each of the selected dilutions were plated onto an LB agar medium. CFU were enumerated after a 24-h incubation at 30°C. The Cr(VI) concentration was determined using a previously reported colorimetric method (33) . A 1.6-ml outlet sample was filtered through a 0.22-m syringe filter and mixed with 0.2 ml of 0.5 g/liter s-diphenylcarbazide in 10% methanol-12.5 mM H 2 SO 4 followed by OD 540 measurement after a 20-min incubation. At the end of the Cr(VI) immobilization experiment, a portion of the biofilms in the reactors was analyzed using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) (34) . The samples were dried and sputtered with Pt. SEM images were taken using a field emission scanning electron microscope (FE-SEM; JSM-7600; JEOL Asia Pte Ltd.) at a voltage of 1.0 to 5.0 kV. The EDX spectrum was obtained using an energy-dispersive X-ray spectrometer (AZtecEnergy; Oxford Instruments, Oxfordshire, United Kingdom).
XANES analysis. The Cr K-edge (5,989-eV) X-ray absorption near edge structure (XANES) spectra of the biofilm samples from the biofilm reactors were obtained with a transmission mode at room temperature using the XAFCA facility at the Singapore Synchrotron Light Source. A Si(III) double crystal was used to monochromatize the X rays from a 700-MeV electron storage ring. Lyophilized samples were pressed into pellets (ϳ10 mm in diameter) for measurements. The final spectrum was produced by averaging three scans. Processing of the raw data was done using WinXAS. Cr standards chromium potassium sulfate [Cr(III)] and potassium dichromate [Cr(VI)] were analyzed with Cr K-edge XANES for spectral comparisons with data from Cr immobilized in the biofilms.
iPCR. The genomic DNA sequences flanking the TnM transposon were amplified by inverse PCR (iPCR) (see Fig. S2 in the supplemental material). Genomic DNA was extracted with the genomic DNA minikit (Invitrogen), and ϳ3 g was digested, respectively, with each of EcoRI, BamHI, SphI, HindIII, and BspHI, which cut at a single site inside the TnM transposon sequence. Following digestion, the DNA was purified with the QIAquick PCR purification kit and ligated overnight at 4°C in 50-l reaction mixtures with 5 U of T4 DNA ligase (Roche). The circularized DNA sequences flanking the left side or right side of the TnM transposon (approximately 500 ng) were amplified using the MyCycler thermocycler in a total volume of 50 l containing 350 M deoxynucleoside triphosphate (dNTP) mixture, 5 l buffer, 3.75 U enzyme mix (Expand Long Template PCR system; Roche), and 300 nM (each) primer. The primer pairs used for iPCR included TnM-P1/TnM-P2, TnM-P1-2/ TnM-P2, and TnM-P3/TnM-P4 (see Table S1 ). Two-step amplification was used. The first 10 cycles were set as 94°C for 10 s, 60°C for 30 s, and 68°C for 4 min followed by 25 cycles with a 20-s cycle elongation at the 68°C extension step for each successive cycle. iPCR products were purified with the Qiagen QIAquick gel extraction kit and subsequently used as the templates for sequencing analysis. DNA sequencing was carried out using the BigDye Terminator v3.1 cycle sequencing kit (Life Technologies, USA) with the same primers adapted for iPCR, and samples were analyzed in an Applied Biosystems 3730xI DNA sequencer. A BLAST search of the sequences was used to identify the gene in which the TnM transposon was inserted.
Gene complementation. The speF gene (locus tag SO_0314; GenBank accession number AAN53399) was amplified from S. oneidensis MR-1 genomic DNA using the Expand Long Template PCR system (Roche) with primer pair speF-U2 (5=-AAAGGATCCTCTTCGCGTAGGTAGTAGGC-CAATTAAC-3=)/speF-L2 (5=-AAACTCGAGGACTGCAGAGCGGGGT-TATTAACTCT-3=). The PCR fragment was purified with the Qiagen QIAquick PCR purification kit, digested with BamHI and XhoI, and then ligated with p15A-Tn5-SoAph at XhoI and BamHI restriction sites to generate a new plasmid, p15A-Tn5-SoAph-speF. Plasmid p15A-Tn5-SoAph-speF (approximately 0.3 to 0.5 g) containing the speF gene was introduced by electroporation to CP2-1-S1 cells (50 l) using 0.2-cm Gene Pulser/MicroPulser cuvettes (Bio-Rad) and a Bio-Rad MicroPulser. Subsequently, 0.5 ml 2ϫ yeast extract and tryptone (2YT) medium devoid of antibiotics was added to the cells. Cells were transferred into a sterile culture tube and incubated at 30°C for 2 h under continuous shaking. After incubation, cells were spread onto 2YT agar plates supplemented with 10 g/ml kanamycin. The plates were incubated in a 30°C incubator overnight. The complementation strain was referred to as CP2-1-S1C.
qPCR. S. oneidensis MR-1 was cultivated in MM1 at 30°C. About 0.5 ml of the culture taken at 12 h, 16 h, 20 h, and 24 h was mixed with 1 ml of RNAprotect (Qiagen Mini RNA Prep) and centrifuged at 6,000 ϫ g for 10 min. Total RNA content was extracted using a commercially available kit (Qiagen Mini RNA Prep) according to the instructions from the manufacturer. The RNA concentration was determined using a NanoDrop spectrophotometer (Thermo Scientific, DE, USA). Two micrograms of the total RNA was used for first-strand cDNA synthesis by using a commercially available kit (Fermentas Life Sciences). The resultant cDNA was used in quantitative PCRs (qPCRs) on the ABI StepOnePlus system (Life Technologies, CA). Primers (efficiency of Ͼ90% for all primers) were obtained from Sigma Life Sciences. PCR was carried out with 1 l of first-strand cDNA in a total volume of 20 l containing 0.2 mM (each) primer, 10 l of PCR Kapa SYBR Fast qPCR Master Mix ABI (2ϫ) Prism, and 0.4 l ROX (high). Amplification parameters used were initial activation for 3 min at 95°C and then 40 cycles of 3 s at 95°C and 30 s at the respective appropriate annealing temperature. Experiments were performed in triplicate for all the genes. The amount of each target gene was normalized to the 16S rRNA gene and compared to control samples. Data analysis was performed using the threshold cycle (2 Ϫ⌬⌬CT ) method, where ⌬⌬C T ϭ ⌬C T (treated sample) Ϫ ⌬C T (untreated sample), ⌬C T ϭ C T (target gene) Ϫ C T (translational elongation factor [tsf]), and C T is the threshold cycle value for the amplified gene (35) .
EPS extraction and characterization. Silicon tubing (Masterflex L/S 16; inside diameter [i.d.], 3.2 mm), 20 cm long, was used to grow biofilms for EPS extraction. Peristaltic pumps were used to supply growth medium for biofilm growth. Diluted overnight cultures in MM1 medium (OD 600 , ϳ0.15) were used to inoculate the tubular biofilm reactors. MM1 medium was continuously supplied at a flow rate of 5.40 ml/h. After 96 h, the biofilms were harvested and the EPS was extracted using a cation exchange resin (CER) method (36) . Proteins and polysaccharides in the EPS were quantified using the BCA assay and the phenol-sulfuric acid assay (37), respectively.
DLS. The hydrodynamic diameter of EPS (ϳ100 g/ml) in phosphate-buffered saline (PBS) buffer (pH 7.0) was measured using dynamic light scattering (DLS) (ZetaPALS zeta potential analyzer; Brookhaven Instruments) before and after the addition of putrescine (1.0 mM) (SigmaAldrich, Singapore). DLS measurements were performed by focusing a vertically polarized light (658 nm) onto the sample and collecting the scattered light with a detector at 90°. Data were collected for 5 min at 30-s intervals, each with a count rate of 50,000 to 300,000 counts/s. The temperature was kept constant at 25°C.
RESULTS AND DISCUSSION
A hyperadherent mutant strain, CP2-1-S1, and its cell surface characteristics. Congo red, a dye effectively staining cellulose and fimbriae, is often used to screen biofilm mutants because it detects EPS production that impacts biofilm formation (38) (39) (40) . In this study, S. oneidensis MR-1 random transposon mutants that grew at rates comparable to that of the WT (Յ20% variation in OD 600 of overnight LB cultures) were incubated on Congo red MM1 agar plates. We found that a number of colonies exhibited morphologies distinct from the WT after a 5-day incubation. One such mutant isolate, designated CP2-1-S1, was found to bind significantly more Congo red dye than the WT did in the colony (see Fig. S3A in the supplemental material). CP2-1-S1 appeared to have a stronger adherent property than did the WT, which was implied by the extensive formation of cell aggregates (cell-cell adhesion) and biofilms (cell-tube wall adhesion) in CP2-1-S1 planktonic cultures (see Fig. S3B and C) .
Previous studies demonstrated that cell surface charges and hydrophobicity play an important role in cell adhesion to biotic and abiotic surfaces (25, 41, 42) . Hydrophobic interactions have been shown to be an important factor controlling the adhesion of Shewanella cells to amorphous Fe(III) oxide (41) . Comparative analyses of the abilities of several different Shewanella strains to adhere to hematite (␣-Fe 2 O 3 ) revealed that strains with more hydrophobic and electronegative cell surfaces exhibited better adhesion (42) . In addition, Shewanella cells with a more hydrophobic and electronegative surface have been shown to enhance not only cell adhesion to graphite electrodes but also cell-cell adhesion as evidenced by strong autoaggregation (25) . The hyperadherent phenotype of CP2-1-S1 suggests that its cell surface physicochemical properties, such as charge and hydrophobicity, might have been altered. Therefore, cell surface charges and hydrophobicity of the WT and the mutant strain CP2-1-S1 were measured (Table  1) . Our results showed that the CP2-1-S1 cell surface was more electronegative and hydrophobic than that of the WT, supporting a stronger adhesion property of CP2-1-S1 cells for attachment surfaces and between cells. We were therefore interested in further characterizing its biofilm formation capability and the biofilm cohesiveness and performance.
Biofilm formation by mutant CP2-1-S1. Quantitative analysis of biofilm formation by CP2-1-S1 during growth under static conditions was performed in polystyrene microtiter plates. After 24 h and 48 h, the amounts of biofilms formed by CP2-1-S1 were ϳ3.0-and ϳ1.7-fold larger than those formed by the WT, respectively (Fig. 1A) . The results confirmed the hyperadherent phenotype of CP2-1-S1. Further, biofilms formed by the hyperadherent mutant CP2-1-S1 were substantially more cohesive than that of the WT, as evidenced by a significantly higher viscosity for the mutant biofilms (Fig. 1B) .
Biofilm development under hydrodynamic conditions in flow chambers was also analyzed using CLSM. After growing for 3 days, biofilms of the mutant strain CP2-1-S1 developed into three-dimensional (3-D) structures dominated by towering, mushroom-like protrusions (ϳ50 m), while the biofilms of the WT were relatively flat and unstructured with a thickness of ϳ20 m (Fig. 1C) .
In organisms such as Pseudomonas aeruginosa, it has been shown that the biofilms dominated by 3-D tower structures are significantly more tolerant than are flat and unstructured biofilms formed by certain mutants to biocides, including detergents and antibiotics (43, 44) . Hence, it is expected that under unfavorable conditions the biofilms of CP2-1-S1 could be more robust than those of the WT. To confirm this, the performances of biofilms of CP2-1-S1 and the WT in Cr(VI) immobilization in submerged biofilm reactors were compared. 
Immobilization of Cr(VI) by CP2-1-S1 biofilms.
To compare the performance of Cr(VI) immobilization by biofilms of CP2-1-S1 and the WT, both biofilms were grown in submerged biofilm reactors for 5 days before Cr(VI) was introduced into the reactors. The 5-day biofilms of CP2-1-S1 on the glass beads in the reactors were significantly thicker (ϳ50 versus 20 m) than those of the WT (P ϭ 0.02) (see Fig. S4A in the supplemental material), consistent with our observations in the above-mentioned flow cell experiments. As a quantitative indicator of the biofilms formed on the glass beads, total amount of proteins per unit surface area or surface density of total proteins was determined for each strain. The results showed that the surface density of total proteins for CP2-1-S1 biofilms was ϳ6.7-fold that of the WT in submerged biofilm reactors (see Fig. S4B ). We further quantified cell density in the WT and CP2-1-S1 biofilms and found that the biofilms contained about 4.0 ϫ 10 8 to 8.0 ϫ 10 8 CFU/mg biomass, and no significant difference was observed for the WT and the mutant (P Ͼ 0.05).
To the 5-day biofilms formed in the reactors, MM1 medium containing 200 M Cr(VI) was introduced continuously at a flow rate the same as that used for biofilm growth. Previous studies have shown that the respiration of S. oneidensis biofilms was inhibited upon the exposure to Cr(VI) due to the toxicity of Cr(VI) and Cr(III) produced during Cr(VI) reduction (14) . Inhibited energy metabolism could lead to cell dispersal from the biofilms, because biofilm maintenance has been shown to be metabolic energy dependent (45) . In fact, horizontal channels with high diffusion coefficients of water in S. oneidensis biofilms exposed to Cr(VI) have been observed, which were followed by biofilm detachment (14) . Here in this study, we quantified the cell detachment rate for both CP2-1-S1 and the WT before and after Cr(VI) exposure, and we found that, before Cr(VI) exposure, cell detach- ; however, after a 12-h exposure to Cr(VI), the cell detachment rate for the WT was ϳ5-fold that for CP2-1-S1 (1.0 ϫ 10 6 Ϯ 0.3 ϫ 10 6 versus 1.9 ϫ 10 5 Ϯ 0.2 ϫ 10 5 cells · h Ϫ1 · mm Ϫ2 ) ( Fig. 2A) . Intriguingly, the exposure to Cr(VI) caused an ϳ5.0-fold induction of detachment from the WT biofilms; in contrast, only ϳ1.3-fold induction was observed for CP2-1-S1 biofilms, suggesting that, in the presence of toxic chemicals, CP2-1-S1 biofilms were more cohesive than those formed by the WT. Higher cohesiveness may prevent the biofilms from being disassembled, and hence, a higher performance of the biofilms would be expected. The amount of Cr immobilized by the biofilms over time is shown in Fig. 2B .
Although biofilms of both the WT and CP2-1-S1 could continuously remove Cr(VI) from the aqueous phase, as evidenced by the increasing amount of immobilized Cr in the biofilms over time, CP2-1-S1 biofilms showed a significantly higher capability than the WT biofilms: after a 56-h exposure to Cr(VI), ϳ56% of the total amount of Cr(VI) delivered to the reactors was immobilized by the CP2-1-S1 biofilms, while only ϳ27% was immobilized by the WT biofilms (Fig. 2B) .
SEM-EDX analysis showed that the biofilms collected at the end of the immobilization experiments were coated with Cr precipitates (see Fig. S5 in the supplemental material). As it has been reported that, under similar conditions, S. oneidensis MR-1 reduces dichromate to Cr(III) (19, 46) , we obtained the XANES spectra of Cr in the biofilms of both WT and CP2-1-S1 to examine the Cr oxidation states (Fig. 3) . Cr in biofilms of both WT and CP2-1-S1 had very similar XANES spectra, and the two exhibited the same absorption edge energy (5.995 keV) as did the Cr(III) standard, suggesting that the valence of Cr in the biofilms was ϩ3. In addition, the feature of a prepeak of Cr(VI) was not found in the XANES spectra of Cr in the biofilms, indicating that there was no or an undetectable amount of Cr(VI) in the biofilms. Taken together, our results showed that, compared to the MR-1 WT, the mutant strain CP2-1-S1 formed stronger biofilms with a significantly lower cell detachment rate in the presence of Cr(VI) and removed Cr(VI) more efficiently from the aqueous phase by reducing Cr(VI) and immobilizing Cr(III) in the biofilms.
Genetic analysis of CP2-1-S1. We carried out inverse PCR and sequence analysis to identify the transposon insertion site in strain CP2-1-S1 and found that the transposon had inserted into the gene speF (SO_0314), which encodes ornithine decarboxylase (ODC), an enzyme responsible for the conversion of L-ornithine to putrescine. Putrescine is one of the most common bacterial polyamines, a group of positively charged organic polycations (47) . Polyamines in several model organisms such as E. coli have been reported to play a critical role in many biological processes, including binding to nucleic acids, stabilizing outer membranes, and protecting cells from toxic effects of reactive oxygen species and acid stresses (48) (49) (50) (51) (52) . Polyamines have also been suggested to influence biofilm formation, and the impacts of different polyamines vary in different organisms. In Yersinia pestis, putrescine has been reported to be essential for the biofilm formation (53) . Norspermidine has been suggested to enhance biofilm formation of Vibrio cholerae, while spermidine reduces its biofilm formation (54, 55) . In Bacillus subtilis, norspermidine, but not closely related polyamines, has been reported to be capable of disassembling biofilms through interacting with extracellular polysaccharides (56) .
Here, we show that the disruption of speF, a gene involved in biosynthesis of putrescine, in S. oneidensis led to a hyperadherent phenotype. The phenotype could be reversed by chemical complementation (via addition of exogenous putrescine into the mutant cultures) or genetic complementation (via introduction of WT speF gene into the mutant strain) (Fig. 4) . These data ruled out polar effects of the transposon insertion and confirmed an important role of putrescine in mediating cell adhesion and biofilm formation in S. oneidensis.
Effects of disruption of putrescine biosynthesis on biofilm matrix. How does putrescine influence biofilm formation of S. oneidensis? We examined the effects of putrescine on established biofilms (24 h) of the mutant strain CP2-1-S1 and found that the addition of putrescine triggered disassembly of the biofilms (see Fig. S6A in the supplemental material) . Further, quantitative analysis of gene expression using qPCR revealed that the gene speF was highly expressed in the stationary growth phase (see Fig. S6B ). These results suggest that the production of putrescine could be a strategy employed by the bacteria for active dispersal from biofilms to find new niches. Hence, we hypothesize that putrescine affects the stability of biofilm matrix and that the disruption of putrescine biosynthesis in CP2-1-S1 helps the retention of EPS in the biofilms. We therefore quantitatively compared the EPS contents in mature biofilms of the WT and the mutant CP2-1-S1. The biofilms of CP2-1-S1 were found to contain a substantially higher EPS content than that of the WT biofilms. EPS extracted from 4-day WT biofilms was ϳ0.74% of the dry weight of the biofilms, while the value for 4-day biofilms of CP2-1-S1 was ϳ1.13% (Fig.  5) . There was no significant difference (P ϭ 0.09) in the relative amounts of protein and polysaccharide (i.e., protein/polysaccharide ratio) in the biofilms (0.73 Ϯ 0.14 for WT versus 0.98 Ϯ 0.14 for CP2-1-S1) (Fig. 5) .
Although the biofilms of CP2-1-S1 contained a higher EPS content than did the WT biofilms, a comparable protein/polysaccharide ratio was observed, which implies that putrescine may disassemble the biofilm matrix through influencing the interaction between proteins and polysaccharides. To attempt to detect such an influence, we measured the hydrodynamic diameter of the EPS in solution as impacted by putrescine. The extracted EPS from CP2-1-S1 biofilms exhibited an average diameter of 686 Ϯ 60 nm at pH 7.0, while the addition of putrescine reduced the average diameter to 575 Ϯ 25 nm (Fig. 6) . A change in hydrodynamic radius of polymers in solution often indicates a structural reconfiguration of the polymers (57) . Here, a decrease in the hydrodynamic diameter of the EPS suggests that putrescine can cause configurational changes of EPS structures, which may negatively influence the interaction between proteins and polysaccharides. Detailed molecular interactions among putrescine and EPS components warrant further investigation.
In summary, through random transposon mutagenesis library screening, we obtained one hyperadherent S. oneidensis mutant strain CP2-1-S1, in which a putrescine biosynthesis gene, speF, was disrupted. The mutant exhibited an enhanced capability in biofilm formation under both static and hydrodynamic conditions. Biofilms of the WT and the mutant strain CP2-1-S1 were used to remove Cr(VI) from the aqueous phase in submerged biofilm reactors. We found that, (i) upon exposure to Cr(VI), a significantly lower cell detachment rate in the CP2-1-S1 biofilms could be achieved, suggesting a higher cohesiveness of the mutant biofilms, and (ii) a significantly larger amount of Cr(III) was immobilized in the CP2-1-S1 biofilms, indicating an enhanced performance of the mutant biofilms in Cr(VI) bioremediation. Further, an important role of putrescine in mediating biofilm matrix disassembly through influencing the structural configuration of EPS was implied in S. oneidensis. Our work demonstrates, for the first time, that biofilm cohesiveness and performance can be improved through manipulating polyamine biosynthesis, providing a novel strategy to engineer biofilms for a better performance in biofilm-based bioprocesses. The engineered biofilms may be used in a wide range of environmental and biotechnological applications, such as treatment of contaminated water and production of high-value chemicals. 
